Introduction {#Sec1}
============

The physical behavior of grain boundaries (i.e., interfaces between crystallites, namely grains, in polycrystalline ceramics) differs from that of the bulk due to their structural deviation from the crystal interior. In the past decade, the electrical nature of grain boundaries relative to the bulk has attracted considerable attention as "size effects" \[[@CR1]\] on the conductivity have become one of the main foci of research interest, particularly in the field of solid state ionics. Reducing the size of the grains enhances the geometric contribution of the grain boundaries to the total volume of the polycrystalline ceramic such that the overall electrical properties may be governed by the property associated with the grain boundaries when the grain size is sufficiently small (typically less than few tens of nanometers). The overall conductivity of a material with a higher density of grain boundaries can then be enhanced if the grain boundaries serve as highly conducting paths.

Solid electrolytes (SEs) \[[@CR2]\] are virtually pure ionic conductors that serve as a key component in electrochemical devices such as solid oxide fuel cells (SOFCs) \[[@CR3], [@CR4]\]. Among them, doped zirconia and ceria, fast oxygen-ionic conductors with a fluorite structure, have almost exclusively been employed as SEs for SOFC applications owing to their relatively high ionic conductivity at elevated temperatures \[[@CR2]--[@CR4]\]. However, these SEs present sufficiently high ionic conductivity only at very high temperatures, leading to the high operating temperature (\>800 °C) of the SOFCs. It is desirable to lower the operating temperature down to the intermediate temperature (IT) range (500--700 °C or even less) to ameliorate the problems associated with high-temperature operation, such as long-term durability of the cells and cost \[[@CR4]\]. Lower-temperature operation, on the other hand, requires enhanced conductance in the SEs.

Nanocrystalline SEs have been the center of attention for over a decade owing to their potential for use in the IT-SOFCs. However, it was found that the grain boundaries in fluorite-structured SEs inherently rather impede oxygen-ionic transport in the materials, and this issue worsens at lower temperatures. Hence, the electrical nature of the grain boundaries in those SEs has been intensively explored during the past decade and the intrinsic origins of the grain boundary resistance are now relatively well understood \[[@CR5]--[@CR9]\]: at the grain boundaries, the oxygen vacancies (V~O~^••^) deplete to form space-charge zones \[[@CR10], [@CR11]\] in the vicinity of the grain-boundary core, leading to high resistance to oxygen-ionic transport across them. The excess positive charge formed in the grain-boundary core is responsible for the depletion of V~O~^••^ in the space-charge zones.

Doped LaGaO~3~ is a perovskite-structured oxygen-ionic conductor that presents a conductivity higher than the conductivities of the fluorite-structured SEs at lower temperatures \[[@CR12]\], and is thus considered a SE for IT-SOFC applications. However, the electrical nature of the grain boundaries in this SE resembles that in fluorite-structured SEs in that the grain boundaries block the oxygen-ionic transport. In view of the relatively recent discovery of this SE, research on it has focused almost exclusively on its bulk properties, while little attention has been paid to the grain boundaries to date. The chief question about the blocking nature of the grain boundaries in this perovskite-structured SE is whether the intrinsic cause of the grain-boundary resistance is the space charge, as seen in the fluorite-structured SEs.

In this contribution I summarize our recent investigations \[[@CR13], [@CR14]\] on the influence of the space-charge effects on the grain-boundary conduction in 1 mol% Sr-doped LaGaO~3~ (LSGO), which we selected as a model system. As will be presented below, the results obtained from dc-polarization and ac-impedance measurements clearly demonstrate that both V~O~^••^ and the electron holes (h^·^) (i.e., the majority charge carriers in LSGO at the oxygen partial pressure, $\documentclass[12pt]{minimal}
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                \begin{document}$$ P_{{{\text{O}}_{2} }} $$\end{document}$, of concern) deplete at the grain boundaries to form space-charge zones, leading to grain boundaries with high resistance to both ionic and the electronic transport across them.

Results and discussion {#Sec2}
======================

Figure [1](#Fig1){ref-type="fig"} shows a high-resolution transmission electron microscope (HR-TEM) image of dense (\>95%) LSGO used for electrical measurements. The grain boundaries appear to be free of pores as well as insulating amorphous phases which are often responsible for the high resistance to the ionic current at the grain boundaries observed in impure SEs. The Ca and Si contents (typical sources of the amorphous phases) in the sample, measured using an inductively coupled plasma (ICP) technique, were below the detection limit (≪100 ppm), consistent with the TEM results.Fig. 1A representative HR-TEM image of a dense (\>95%) LSGO ceramic prepared for electrical measurements. The grain size is \~5 μm. The scale bar indicates 5 nm

The resistances under different $\documentclass[12pt]{minimal}
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                \begin{document}$$ P_{{{\text{O}}_{2} }} $$\end{document}$ in LSGO were measured using both ac-impedance spectroscopy and a dc-measurement technique. The advantage of the ac over the dc measurements is that the ac technique allows one to measure the local resistance (e.g., in the bulk and the grain boundary) separately. Figure [2](#Fig2){ref-type="fig"} shows an ac-impedance spectrum (i.e., a Nyquist plot) measured from LSGO in O~2~ at 400 °C (see red symbols), which consists of a relatively tiny (see also the inset in Fig. [2](#Fig2){ref-type="fig"}) arc that appears at higher frequencies and a large semicircular arc that subsequently appears at lower frequencies of concern (namely arc 1 and arc 2, respectively). Arc 1 appears to be incomplete. The best fits for arcs 1 and 2 using an equivalent circuit consisting of two parallel *RQ* elements in series \[i.e., (*R* ~*1*~ *Q* ~*1*~)(*R* ~*2*~ *Q* ~*2*~) where *R* and *Q* denote resistance and a constant-phase element, respectively\] are indicated as solid lines in Fig. [2](#Fig2){ref-type="fig"}. The dielectric constant of \~30 at 400 °C estimated from *C* ~1~ (=(*R* ~1~^1−*n*^ *Q* ~1~)^1/*n*^) agrees well with that of pure LaGaO~3~ (\~25) \[[@CR15]\], suggesting that arcs 1 and 2 represent the bulk and the grain boundaries, respectively, as usual. (Figure [2](#Fig2){ref-type="fig"} also shows an indication of a third arc, corresponding to the electrode resistance, which appears at at even lower frequency range than the frequency range of concern in this study; however, a discussion of the electrode resistance is beyond the scope of this paper.) Note that the grain boundaries are almost exclusively responsible for the overall resistance in LSGO at 400 °C. Figure [2](#Fig2){ref-type="fig"} also shows a spectrum measured under N~2~.Fig. 2Nyquist plots measured from LSCO under O~2~ (*red symbols*) and N~2~ (*blue symbols*) at 400 °C. The*inset* presents the plot at high frequencies. The *solid lines* indicate the best fits obtained using an equivalent circuit consisting of two parallel *RQ* elements

It is interesting to note that arc 2 varies with varying ambient $\documentclass[12pt]{minimal}
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                \begin{document}$$ P_{{{\text{O}}_{2} }} $$\end{document}$ , while arc 1 remains unchanged. As mentioned above, the majority ionic and electronic charge carriers in LSGO under oxidizing conditions (e.g., under O~2~) are V~O~^••^ and h^·^, respectively. If electric conduction in LSGO is predominantly controlled by V~O~^••^, the resistance should be independent of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ P_{{{\text{O}}_{2} }} $$\end{document}$ since the number of V~O~^••^ in the material is determined by the amont of dopant. Hence, the fact that only the grain-boundary resistance depends on the ambient $\documentclass[12pt]{minimal}
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                \begin{document}$$ P_{{{\text{O}}_{2} }} $$\end{document}$ implies that the electronic contribution to grain-boundary conduction is greater than that the electronic contribution to the bulk conduction. In other words, the electronic transference number (*t* ~*j*~ = *σ* ~*j*~/∑~*k*~ *σ* ~*k*~) at the grain boundaries (*t* ~el,gb~) is greater than that in the bulk (*t* ~el,∞~).

According to Eq. [1](#Equ1){ref-type=""}, at equilibrium, the local concentration of defect *j* in the vicinity of the grain-boundary core is determined by the electrical potential of the grain-boundary core:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \left( {\frac{{c_{j} (x)}}{{c_{j\infty } }}} \right)^{{1/z_{j} }} = \exp \left( { - \frac{e}{{k_{B} T}}\Updelta \phi (x)} \right) $$\end{document}$$where Δ*ϕ*(*x*) is the electrical potential relative to the bulk (subscript ∞; i.e., Δ*ϕ*(*x*) = *ϕ*(*x*) − *ϕ*(∞)). The symbols *z*, *e*, *k* ~B~ and *T* denote the charge number, elementary charge, Boltzmann's constant and temperature, respectively. Both V~O~^••^ and h^·^ thus deplete in the vicinity of the grain-boundary core to form space-charge zones if *ϕ*(0) \> 0. Furthermore, V~O~^••^ should deplete more sharply than h^·^ (see Eq. [1](#Equ1){ref-type=""}), as illustrated qualitatively in Fig. [3](#Fig3){ref-type="fig"}, since the effective charge of V~O~^••^ (+2) is greater than that of h^·^ (+1), leading to a greater *t* ~el,gb~ than *t* ~el,∞~. Therefore, Fig. [2](#Fig2){ref-type="fig"} strongly suggests that the grain-boundary conduction in LSGO is controlled by the space charge. In order to verify this speculation, one should measure the partial ionic and electronic conductivities at the grain boundaries and in the bulk separately to check whether *t* ~el,gb~ is in fact greater than *t* ~el,∞~.Fig. 3Concentration profiles (qualitative) of the dopant (*Sr* ^′^), oxygen vacancies (V~O~^••^) and electron holes (h^·^) at grain boundaries in LSGO as expected from a space-charge model when *ϕ*(0) \> 0. Note that *t* ~el,gb~ is greater than *t* ~el,∞~

Figure [4](#Fig4){ref-type="fig"} presents the current (*I*)--voltage (*U*) characteristics measured from an ion-blocking dc-polarization cell (see the inset in Fig. [4](#Fig4){ref-type="fig"}) at 475 °C in air. Dc-polarization methods \[[@CR16], [@CR17]\] are considered to be one of the most effective means to measure the partial conductivities separately. Prior to measuring the *I--U* characteristics, the ion-blocking cell was polarized at a constant applied voltage of 5 mV. During polarization, the initial current (\~155 nA) rapidly dropped to reach an equilibrium value of 30 nA within 1000 s. This fact ensures that the ionic current is effectively blocked at the ion-blocking electrode. Figure [4](#Fig4){ref-type="fig"} shows that the current linearly increases with increasing applied voltage up to \~25 mV and then starts to deviate from linear behavior to show the characteristic nonlinear *I--U* relation for a blocking cell as the voltage further increases. In light of the fact that the concentration of electrons in LSGO in the $\documentclass[12pt]{minimal}
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                \begin{document}$$ P_{{{\text{O}}_{2} }} $$\end{document}$ range of concern is negligibly small compared to that of h^·^ (i.e., h^·^ is almost exclusively responsible for the electronic current in LSGO, if not entirely), one can estimate the partial electronic conductivity (*σ* ~el~ = 1/*R* ~el~(*d*/*A*), where *d* and *A* are the distance between the electrodes and the area of the electrode, and *R* denotes resistance) by directly measuring *R* ~el~ in the ohmic region (\<25 mV).Fig. 4The current (*I*)--voltage (*U*) characteristics measured from an ion-blocking dc-polarization cell. The*inset in the upper-left corner* shows a schematic diagram of the cell. The reversible electrode was exposed to air

It is also necessary for one to selectively measure the local *σ* ~el~ in the bulk and at the grain boundaries to eventually estimate both *t* ~el.gb~ and *t* ~el,∞~. This is actually possible owing to the fact that the activation energy of *R* ~gb~ (\~0.7 eV) estimated from the Arrhenius plots (not shown here) was found to be significantly higher than that of *R* ~∞~ (\~1.4 eV) in LSGO \[[@CR13], [@CR14]\]. At relatively high temperatures (\>750 °C), the resistance in LSGO is predominantly determined by *R* ~∞~ (i.e., *R* ~dc~ = *R* ~∞~ + *R* ~gb~ ≈ *R* ~∞~ since *R* ~∞~ ≫ *R* ~gb~), while *R* ~gb~ is responsible for the resistance (i.e., *R* ~dc~ = *R* ~∞~ + *R* ~gb~ ≈ *R* ~gb~ since *R* ~∞~ ≪ *R* ~gb~) at lower temperatures (\<500 °C) \[[@CR14]\]. Note that the electrodes of the sample were modified in such a way that the resistance at the electrodes is negligibly small at all temperatures of concern \[[@CR14]\] (also see "[Experimental](#Sec3){ref-type="sec"}" for details). By measuring *R* ~el~ in different temperature regions, one can thus measure *R* ~el,∞~ and *R* ~el,gb~ selectively and thus *t* ~el,∞~ and *t* ~el,gb~.

Figure [5](#Fig5){ref-type="fig"} shows *t* ~el,gb~ and *t* ~el,∞~ estimated at different temperatures. The *t* ~el,gb~/*t* ~el,∞~ measured at lower/higher temperatures was extrapolated to higher/lower temperatures for direct comparison. As is clear from Fig. [5](#Fig5){ref-type="fig"}, *t* ~el,gb~ is greater than *t* ~el,∞~ as expected from Fig. [2](#Fig2){ref-type="fig"} at all temperatures of concern. Therefore, Fig. [5](#Fig5){ref-type="fig"} verifies that the high grain-boundary resistance to oxygen-ionic transport observed in LSGO is due to the depletion of V~O~^••^ to form space charge zones at the grain boundaries. Space-charge-controlled grain-boundary conduction in perovskites has been previously reported for dielectric oxides (e.g., acceptor-doped SrTiO~3~), and intensively studied by Waser, Maier and their coworkers \[[@CR18]--[@CR23] and references cited therein\]. At the grain boundaries in these materials, both V~O~^••^ and h^·^ were found to be depleted, forming space-charge zones similar to those we observed in LSGO.Fig. 5The transference numbers for electron holes in the bulk (*blue symbols*) and at the grain boundaries (*red symbols*) measured at different temperatures. The *solid lines* indicate extrapolations of the measured data

A more quantitative and comprehensive analysis of the influence of space-charge effects on the oxygen-ionic transport in LSGO is given in \[[@CR13]\]. Attention should also be paid to the origin of the grain-boundary resistance in highly doped LaGaO~3~, materials that are more relevant to practical applications. In highly doped samples, the influence of space-charge effects on grain-boundary conduction may be less, since the width of the space-charge zone (related to the Debye length) decreases with increasing dopant concentration in the bulk. This issue is currently under investigation.

Experimental {#Sec3}
============

One mol% Sr-doped LaGaO~3~ (La~0.99~Sr~0.01~GaO~3−*x*~: LSGO) was synthesized employing a Pechini-type method using La(NO~3~)~3~ · 6H~2~O (99.9%, Sigma--Aldrich, St. Louis, MO, USA), Ga(NO~3~)~3~ · 8H~2~O (\>99.9%, Sigma--Aldrich) and Sr(NO~3~)~2~ (99.9%, Sigma--Aldrich) as reactants. The synthesized LSGO was pressed into pellets at 300 MPa by cold isostatic pressing. The as-pressed pellets were sintered at 1600 °C for 10 h in air. The relative density of the sintered pellets, estimated using an Archimedean method, was above 95%. The chemical composition as well as the concentrations of background impurities (including Ca and Si) in the pellets were determined using inductively coupled plasma emission spectroscopy (ICP). The structure and phase homogeneity of the LSGO pellets was characterized using an X-ray diffractometer (XRD) with Cu-K~α~ radiation (XDS 2000, Scintag, Santa Clara, CA, USA). No indication of secondary phase formation was observed.

The microstructure of the pellets was examined using a high-resolution transmission electron microscope (HR-TEM, JEM-2500SE, JEOL, Tokyo, Japan).

The electrical resistance of the pellet was measured as a function of temperature (*T* = 250\~600 °C) under different oxygen partial pressures using both two-probe ac impedance spectroscopy and a dc-measurement technique. Prior to the measurements, Pt electrodes were fabricated by painting Pt paste (5349, Heraeus, Hanau, Germany) on both surfaces of the pellet, followed by annealing at 1000 °C/1 h in air. Impedance spectra were obtained in the frequency range from 50 mHz to 10 MHz using an impedance analyzer (Novocontrol, Novocontrol Technology, Hundsangen, Germany). The total dc currents were measured using a source-measure unit (236, Keithley, Cleveland, OH, USA) in the high-temperature (≥750 °C) and the low-temperature (≤500 °C) regions. To minimize the electrode resistance of the pellet, which may be present at low temperatures, the surfaces of the pellets were coated with a porous composite layer. The composite material was prepared by mechanically mixing LSG and LSM (La~0.8~Sr~0.2~MnO~3-δ~, FCM, USA) powders (1:1 wt%) with the organic solvent. The slurry was screen-printed on the surface of the pellet and then heated at 1000 °C for 2 h in air.

The partial electronic current in the sample was measured using a dc-polarization method. A dc source meter (230, Keithley) was used to apply constant voltage (*U*) from 0 V to 1.0 V, and an electrometer (617, Keithley) was used to measure the current (*I*).
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